Liquid crystal displays (LCDs) are gradually replacing cathode-ray tubes (CRTs) as the primary means of electronic display of digital radiographs. The transition from CRT to LCD is fueled by advantages of the LCD technology such as enhanced maximum luminance and smaller form factor. This transition is expected to extend to digital mammography as well. The purpose of this study was to report the on-axis luminance and contrast performance of five medical-grade LCDs in terms of compliance with the DICOM grayscale display function (GSDF) and AAPM TG18 guidelines. The display devices included two 3 Mpx monochrome LCDs (Planar Dome C3, and NDS 20.8" Nova), two 5 Mpx monochrome LCDs (NDS 21.3" Nova, and Totoku ME511L), and one 9 Mpx color LCD (IBM T221). The on-axis luminance values were measured at all 8-bit driving levels using the TG18-LN test patterns and a baffled luminance meter and the results averaged. The luminance data were analyzed according to the AAPM TG18 methodology. The measured L min , L max , mean ∆JND/∆p, and maximum local deviation in ∆JND/∆p from GSDF, κ 256 , ranged within 0.43-0.87 cd/m 2 , 263-715 cd/m 2 , 2.15-2.72, and 0.79-1.46 intervals, respectively. While the values varied notably between different devices, all devices conformed to the TG18 criteria for primary class displays in terms of onaxis luminance response, and thus judged suitable for mammographic applications from onaxis luminance standpoint. Notwithstanding the findings, other factors such as matrix size, angular response, and color functionality should further be taken into consideration.
Introduction
Analog screen film mammography is being gradually replaced by digital mammography. Developers and investigators of digital mammography have noted the potential advantages of the technology in terms of improved image quality and efficiency. The detective quantum efficiency (DQE) of digital mammography systems are generally by about a factor two higher than those of analog systems (1), offering the potential to reduce the patient dose while maintaining equivalent image quality, or improving image quality without increasing dose. Considering the fact that the display medium used to present image data to the clinician is one of the main components of the system, it is difficult to achieve the noted advantages without soft copy presentation of digital mammograms. There are currently two main technologies to display medical images, cathoderay tube (CRT) and liquid crystal display (LCD). Monochrome LCDs are gradually replacing CRTs in many radiographic applications mainly due to their higher maximum luminance, better resolution, lower power consumption, and smaller form factor. Color LCDs has also enabled the use of color in medical displays without the common drawbacks of color CRTs (e.g., veiling glare). Very recent-ly, a few monochrome LCD devices have received FDA clearance for use in mammography, in spite of a number of potential disadvantages of the technology including pixel structured noise, limited minimum luminance performance, change in background color tint with viewing angle, and non-Lambertian angular response (2, 3) . Color LCDs also tend to have lower maximum luminance than monochrome LCDs due to the use of additional color filters.
Medical display devices are generally required to comply with the DICOM grayscale display function (GSDF) and the AAPM TG18 guidelines (4, 5). Those include minimum levels for luminance and luminance ratio (LR), and maximum deviation from the GSDF in terms of contrast. As the first part of a comprehensive evaluation of monochrome and color LCDs, this study focuses on the luminance and contrast performance of five liquid crystal displays for potential applications in digital mammography. The luminance characteristics of the devices were determined according to the TG18 guidelines and procedures. The products evaluated included two three-mega-pixel monochrome LCDs, two five-mega-pixel monochrome LCDs, and one nine-mega-pixel color LCD.
Methods
We evaluated the performance of five dual-domain in-plane switching flat panel LCD devices. Table I lists the specified characteristics of the devices as well as their associated display cards as set up and supported by manufacturers for clinical use. All displays were calibrated according to the DICOM grayscale display function per manufacturers recommendations prior to evaluations using commercial calibration tools. The calibrations were done with zero ambient lighting.
The luminance response of the displays was measured at all 8-bit driving levels using the TG18-LN test patterns ( Figure  1 ) and a spot luminance meter (Minolta LS-100) at normal viewing direction. The luminance meter was supplemented with a close up lens to enable focusing at 23 cm distance. Per TG18 recommendations, the meter was also supplemented with a cone to shield the meter from surround luminance thus minimizing the contribution of the luminancemeter flair in the measurements. The cone was made of a graphics arts black paper with velvet-type, black, lightabsorbing cloth on one side folded inside of the cone. The narrow opening of the cone was 8 mm in diameter within which the sensitive area of the luminance meter was centrally aligned using the luminance meter's viewfinder. The generation of the patterns, the sequence of their display, and the luminance measurements were controlled by an automation program operated on a laptop computer connected to the display computer and to the meter. All measurements were made in the zero ambient lighting condition. Figure 2 illustrates the general set up of the measurements.
The luminance response measurements were analyzed according to the AAPM TG18 methodology (4). First the maximum luminance value, L max , and the minimum luminance value, L min , were mapped to corresponding GSDF JND indices, J, based on the Barten model, J(L), as
The range of the available JND values, ∆J, and the average number of JNDs per pixel value, J p , were calculated using where ∆P is the pixel value range equal to 256. The J indices corresponding to the measured luminance values were ascertained by linearly mapping the JND and pixel value spaces as where subscript i refers to any of the n measurement luminance steps, n = 256. In this manner, the measured luminance values, L i , and the GSDF luminance values, L d i , were determined as a function of JND index, L i (J i ) and L d i (J i ).
The incremental contrast values per JND, δ i , were then ascertained from the measured luminance values as Similarly, the incremental contrast values per JND according the GSDF, δ d i , were calculated from the GSDF luminance values as Finally, the values were used to calculate the maximum (κ δ ) and the standard deviation (σ δ ) of differences between measured and GSDF incremental contrast per JND as
These values are numerically equal to corresponding values associated with the JND per pixel value, κ Jp and σ Jp , the metric used in the TG18 document (4). Figure 3 illustrates the luminance performance of the display devices. All devices closely match the GSDF curve. Slight differences are evident for display devices D and E, but the differences may be attributed to the difference in response of the luminance meter used to calibrate the device and that used for the measurements. Furthermore, the ambient luminance setting at the calibration would have an impact on the luminance characteristic of the display. Figure 4 illustrates the contrast performance of the display devices. Overall the contrast response follows the GSDF contrast. The TG18-specified tolerance level for the standard deviation of the measured and GSDF contrast, plotted at δ d i + 1, contain most of the measured contrast values. However, notable differences between the devices are evident. In particular, display B exhibits more fluctuations in its contrast response than the other displays. The behavior may be attributed to the specifics of the DICOM calibration methodology for that device.
Results
The basic on-axis performance of the devices is summarized in Table II . In terms of comparison to specified characteristics of Table I , two displays exhibited slightly higher L max values, while three had noticeably lower values. The latter differences may be attributed to the fact that in medical display systems, the maximum luminance is not specified in a 
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standard way. Sometimes the specified values refer to the maximum possible achievable luminance level, while in other systems, the value refers to the maximum sustainable luminance level. In terms of luminance ratio, all devices, except the color LCD, exhibited a higher value than what was specified. The differences may be attributed to the inaccuracy in the assessment of L min (by +0.17 cd/m 2 ), which in turn can notably impact the measured LR values. It is often difficult to obtain a highly accurate measurement of low luminance values as most low-and mid-grade luminance meters have low precisions and low accuracy at those ranges. However, it is also possible that other factors such as a device set up might have contributed to the discrepancy.
All the tested devices showed close compliance with the TG18 requirements. The measured J p , κ 256 , and σ 256 values were well within the minimum TG18 requirements of 3.0, 2.0, and 1.0. The J p values ranged from 2.15 to 2.72. It was higher for display A than the other ones due to its higher maximum luminance and a larger range of JND values (i.e., 694). The κ 256 values ranged from 0.45 to 1.46. It was highest for display B, as also evident in Figure 4b . The lowest value was obtained for system A as similarly evident in Figure 4a . The σ 256 values ranged from 0.202 to 0.362 with the maximum obtained for system B.
For the only color display tested, IBM T221, J p , κ 256 , and σ 256 were 2.1, 0.8, and 0.2, respectively. However, as evident from Figures 3e and 4e to all luminance values could reduce the computed J p , κ 256 , and σ 256 values to 2.0, 0.36, 0.11, respectively, demonstrating that a close compliance with GSDF and TG18 criteria can be achieved by a more robust calibration. It should also be noted that the calibration used in this particular device used the 8-bit capability of the graphics card alone, while with the use of a monitor's higher-bit built-in LUT and subpixel dithering can further reduce the σ 256 figures (6, 7) .
Discussion
The study reported in this paper provides a comprehensive evaluation of luminance response of medical grade liquidcrystal displays. All display devices tested met the TG18 requirements. However, there were notable variations among the devices. Namely, monochrome LCDs exhibited higher luminance ratio and maximum luminance values. The maximum luminance values were lower than those specified in the product data sheets for three of the LCDs. The lower maximum luminance of the color LCD may be attributed to the presence of color filters in the pixel structure of the display. However, the device performance is well within the TG18 criteria. As added ambient lighting reduces the effective luminance ratio of a display device due to display reflection, the lower luminance ratio of the color LCD necessitates more stringent requirements for the maximum allowable ambient illumination. Otherwise, the additional color functionality of the LCD might enhance its ease of use. Overall, however, as far as the on-axis luminance response is concerned, all the tested LCDs were deemed appropriate for mammographic use.
In this study, we examined the luminance performance of the displays, each installed with a specific display card and calibrated using a specific calibration technique. In general, the luminance response of a display system is a function of the inherent device capabilities as well as the performance of the display card and additional calibration steps applied. Thus, particular to the incremental contrast performance results of the study, it should be noted that the results are as much a function of the robustness of the applied GSDF calibration procedure as the inherent quality of the device. For a given display monitor, a different display card or calibration would have resulted in different findings. The reported results are thus applicable only to the specific configurations tested in the study. While this limitation should be taken into consideration, the results can be used as a realistic representation of the range of outcomes that might be expected from display devices, cards, and calibration configurations readily available for medical implementation.
While the luminance response of the LCDs was judged acceptable for mammographic use, there are other notable display performance factors that should be considered.
Namely, the luminance response of LCDs varies notably as a function of viewing angle (8). The present study did not include angular response measurement. Furthermore, from a clinical efficiency standpoint, it is important to assure that a digital mammogram involves minimal amount of roaming for examining the entire image area at full resolution. From that standpoint, the 9 Mpx LCD would offer a notable advantage, followed by the 5 Mpx LCDs, over the 3 Mpx LCDs. Finally, some mammographers are sensitive to the level of "blacks" in the displayed mammograms. The notion of "black = quality" is perhaps based on the screen-film mammography paradigm, where an image with inadequate optical density meant an inadequately-exposed film. In digital mammography, that paradigm no longer exists. However, that perception has not yet changed. This has been the primary reason why many mammographers prefer CRTs over LCDs for mammographic application, as current monochrome CRTs offer notably lower minimum luminance values. From that standpoint, the LCDs with lower L min are advantageous over those with higher L min values.
Two other important factors not reported in this study are spatial and temporal uniformity of the display devices. In terms of spatial uniformity, LCDs are known to exhibit nonuniformities caused by backlight variations, and variations in the thickness of liquid crystal cells. These variations are often broad and low frequency in nature. As the human visual system has a reduced sensitivity at low frequencies, spatial non-uniformities are often not a major display quality issue in mammography. This is further confirmed by acceptable variations in the luminance across view-boxes by as much as 30% (9) . In terms of temporal uniformity, some LCDs exhibit lags associated with liquid crystal memory as well as low refresh rates. In that regard, the 9 Mpx LCD tested in this study exhibited noticeable "jerkiness" associated with a low refresh rate while moving the display icons. However, given the fact that the current mammography practice is based on reading static mammograms, it is unlikely that temporal properties of a display would have a measurable bearing on diagnostic quality. Notwithstanding these predictions, the implications of the spatial and temporal performance of LCD displays for mammography applications should be further investigated.
One nuance associated with characterizing the luminance performance of displays is the number of discrete luminance levels used to ascertain the device's compliance with GSDF according to TG18. The TG18 document specifies two quantity of interest, the maximum difference between measured and GSDF incremental contrast per JND (κ n δ ) and standard deviation of that difference (σ n δ ), as defined in Equation [6] . These values change as a function of the number of discrete luminance levels used. Figure 5 illustrate reductions in both of these quantities with a reduction in the number of lumi-nance steps for all display devices tested. It is thus vital to specify the exact number of steps used to determine these quantities for characterizing the luminance performance of a device. While a larger number of luminance steps should ideally be used (≥ 256), in a clinical situation, particularly for quality control, it might be necessary to limit the number of measurements to make the evaluation practical. TG18 recommends a minimum of 18 discrete luminance steps.
Conclusions
The findings of this study demonstrate that the luminance response of five tested medical-grade LCDs, while varies noticeably from device to device, is well within the recommended criteria. The incremental contrast performance of an LCD is as much a function of the robustness of the applied GSDF calibration procedure as the inherent quality of the Figure 5 : The effect of the number of discrete levels at which luminance is measured (n) on the maximum (κ n ) and the standard deviation (σ n ) of the difference between the measured contrast and contrast according to GSDF for the five display systems identified in Table I device. Different devices offer different pros and cons in terms of their performance. Devices with lower minimum luminance are generally preferred for mammography applications. LCDs with higher luminance ratios and maximum luminance enable operation at higher levels of ambient illumination, while the only tested color LCD offers additional color functionality which might aid existing and new clinical applications. The LCDs with higher matrix sizes offer potential for more efficient display of the full resolution mammograms with less "roaming" requirements. Notwithstanding these conclusions, the angular response performance of LCDs is an additional important consideration which is currently under investigation.
